Objective: Although cells with tumorigenic / stem cell-like properties have been identified in many cancers, including oral squamous cell carcinoma (OSCC), their isolation and characterisation is still at early stages. The aim of this study was to characterise the electrophysiological properties of OSCC cells with different tumorigenic properties in order to establish if a correlation exists between tumorigenicity and electrical characteristics. Materials and Methods: Rapid adherence to collagen IV was used as a non-invasive, functional method to isolate subsets of cells with different tumorigenic abilities from one oral dysplastic and three OSCC-derived cell lines. The cell subsets identified and isolated by this method were further investigated independently using dielectrophoresis, a label-free method to determine their electrophysiological parameters. Cell membrane morphology was investigated using scanning electron microscopy (SEM) and modulated by use of 4-methylumbelliferone (4-MU). Results: The rapid adherent cells (RAC) to collagen IV, enriched for cells with increased tumorigenic ability, had significantly higher effective membrane capacitance than middle (MAC) and late (LAC) adherent cells. SEM showed that, in contrast to MAC and LAC, RAC displayed a rough surface, extremely rich in cellular protrusions. Treatment with 4-MU dramatically altered RAC cell membrane morphology by causing loss of filopodia, and decreased significantly their membrane capacitance, indicating that the highest membrane capacitance found in RAC was due to their particular cell membrane morphology. Conclusion: This is the first study showing that OSCC cells with higher tumour formation ability exhibit higher effective membrane capacitance than cells that are less tumorigenic. OSSC cells with different tumorigenic ability possessed different electrophysiological properties mostly due to their differences in the cell membrane morphology. The results suggest that dielectrophoresis may potentially be of use in the future for reliable, label-free isolation of putative tumorigenic cells.
Introduction
Oral cancer ranks as the sixth most common type of cancer world-wide 1 , with 90% of oral cancers being oral squamous cell carcinomas (OSCC). It has a 5-year survival rate of approximately 50%, which has not improved during recent decades 2 , due in part to tumour recurrence following therapy. There is growing awareness that such recurrences may be related to patterns of cellular heterogeneity and tumour stemness within tumours. The presence of a subpopulation of cancer cells with stem cell-like properties (CSCs), including increased tumorigenesis has been shown in haematological cancers 3 , as well as many solid cancers 4 , including OSCC 5 . These cells were also shown to have the ability to resist various apoptosis-inducing drugs, thus making therapeutic eradication of tumours very difficult and allowing tumour recurrence 6 Nevertheless, there are still many controversies about the presence and behaviour of cancer cells with stem cell-like properties/increased tumorigenic ability 7 , and more information is needed on their characteristics and behaviour in order to learn how one can target and annihilate them. The aim of this study was to characterise the OSCC cells with various tumorigenic abilities in terms of their electrophysiological properties and investigate whether they possess unique dielectrical features that can be putatively used in the future for their isolation. The most common way of isolating tumorigenic/CSCs is fluorescence-activated cell sorting. For an expanding range of human epithelial tumours, including OSCC, differential expression of certain cell surface markers, primarily CD44 5b, c , enzymatic activities (ALDH1) 8 or exclusion of DNA dyes 9 has enabled prospective identification and isolation of tumorigenic/CSCs. However, great debate surrounds the existence of specific phenotypic markers for tumorigenic cells in OSCC and in cancer in general 10 , since cancer cells are very versatile cells and have been shown to rapidly switch phenotypes, such that no specific markers are yet commonly accepted. There are, however, alternative ways to isolate tumorigenic/CSCs based on functional stem cell-like characteristics such as self-renewal (serial sphere formation), tumorigenicity (in vivo serial tumour engraftment), drug resistance (drug survival), or the presence of a certain niche (adhesiveness to specific substrates). For normal epithelium, the localization of self-renewing stem cells (label-retaining cells) near basal membranes (BM) that are rich in collagen IV indicates that collagen IV might be a component of the stem cell niche and suggests that adherence to collagen IV can be used for enriching in tumorigenic/CSCs. Previous studies on normal epithelium showed that the population of cells that were rapidly adhering to BM proteins contained the self-renewing population, and this method was shown to enrich stem cells in both human, murine and rabbit normal epithelium 11 . Adherence to BM components (collagen IV) was found to be crucial not only for normal cell growth, but also for tumour cell adhesion, growth, invasion and metastasis. The rapid adherence to collagen IV was also tested and proven to enrich for stem cells in epithelial malignancies such as hepatic carcinoma 12 ,due to their differential expression of specific integrins 13 . We have chosen this method to identify and isolate cells with different tumorigenic/CSCs properties since it is a non-invasive, functional method that provides sorted cells with a non-altered phenotype. To determine the electrophysiologal properties of the subsets of cells with different tumorigenic properties we have used dielectrophoresis. Dielectrophoresis (DEP) is an electrostatic phenomenon whose first in-depth study is attributed to Herbert Pohl in 1950, and is the name given to the movement of particles due to polarisation forces produced when the particles are subjected to an inhomogeneous electric field 14 . Cells can polarise in an electric field because unequal concentrations of charges at the interfaces between the cell and suspending medium causes the formation of a dipole across the cell membrane (e.g. between the intracellular contents and the surrounding medium) along the direction of the electric field lines. Interaction of the two dipole charge centres with a field gradient creates non-equal opposing Coulombic forces, resulting in a net force and driving cellular movement in the direction of the field gradient. The force acting on the cells (FDEP) is defined in Equation 1, where r is the radius of the spherical body, εm the relative permittivity of the surrounding medium, is the permittivity of free space and ∇E 2 is the square of the gradient of the strength of the applied electric field 14b .
Re indicates "the real part of" and K () refers to the ClausiusMossotti factor, a complex term dependent on the dielectric properties of the medium and cellular components, and dependent on the frequency of the energising electric field. It is this parameter which, when analysed as a function of frequency, allows the cellular dielectric characteristics to be elucidated. The resultant "DEP spectrum" 15 can be directly related via a scaling factor to the value of Re[K()] at that frequency and from this, certain electrophysiological parameters can be found, namely the cytoplasmic conductivity, effective membrane conductance (Geff) and effective membrane capacitance (Ceff). Cytoplasmic conductivity reflects the electrical charge contained within the cytoplasm, and therefore is indicative of ionic strength. Effective membrane conductance (Geff) relates to ionic transport across the cellular membrane, and effective membrane capacitance (Ceff) is indicative of the morphology or phenotype of the cellular membrane. DEP testing can be used to measure these properties, allowing it to be used as a characterisation tool DEP was first used on living cells by Pohl and Hawk in 1966 16 , but has since been used to both characterise and separate different populations of cells, for a variety of different purposes within biology and medicine, such as to study links between multidrug resistance and cancer, and to study apoptosis 17 . DEP has been employed in a micro-fluidic chip to separate colorectal cancer cells from E.coli bacteria and Human Embryonic Kidney 293 cells 18 . Dielectric methods have also been used to separate breast cancer cells from blood 19 , and to distinguish stem cells from their progeny 20 . Recently, DEP has been used to study the electrical effects of sphingosine on mouse ovarian cancer progression models 21 and discriminate normal oral cells from pre-cancerous and neoplastic oral cell lines 22 . DEP offers many advantages over other methods of measuring cell electrophysiology; it requires no markers and is not confounded by cell-marker interactions (unlike flow cytometry 17 ), and can examine many cells (typically 1000+) simultaneously, unlike patch clamp (where costly high-throughput systems have much lower throughput). This study is the first to examine primary human tumor initiating cells by dielectrophoresis. The analysis showed that there are marked electrophysiological differences between oral cancer cells with different tumorigenic properties. The differences appear to culminate around the membrane effective capacitance and seem to be related to a cell membrane very rich in cellular protrusions. In this study, the method of separation of OSCC cells relied on their differential adhesiveness to collagen IV, hence highlighting it as a simple and robust method to sort rapid adherent cells (RAC) enriched with tumorigenic properties, middle (MAC) and late (LAC) adherent cells that show gradual loss of the tumorigenic abilities. Further, the overall results suggest that DEP could potentially be used as a reliable, label-free tool for the isolation of putative oral cancer tumorigenic cells.
Materials and methods

Cell culture
Oral dysplastic / premalignant cell lines DOK 23 and the human cell lines H357 24 , CaLH3 5c , OSCC1 6, 25 , derived from patients with OSCC were used in this study. CaLH3 and OSCC1 cell lines were obtained in-house from patients with OSCC after informed consent, and grown as previously described 6 . DOK, H357 and CaLH3 were grown routinely in the so called 'FAD' medium 26 , a 3:1 mixture of Dulbecco's Modified Eagle's Medium (DMEM) and Ham's F12 supplemented with 10% Foetal Bovine Serum (FBS), 25 µg/ml Bovine Pituitary Extract (InVitrogen,USA), 0.4 µg/ml hydrocortisone, 5 µg/ml insulin (Novo Nordisk, Bagsvaerd, Denmark), 20 µg/ml transferrin, 50 µg/ml L-ascorbic acid, 20 µg/ml L-glutamine. OSCC1 were grown routinely in keratinocyte serum free medium (KSFM, InVitrogen) supplemented with 1 ng/mL EGF, 25 μg/mL BPE, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin B (all from GibcoBRL, Grand Island, NY, USA). All cells were grown under standard cell culture conditions: a humidified incubator at 37 °C and 5% CO2/ 95% air. At 60-70% confluence, the cells were released using 0.25% trypsin-EDTA. All reagents were supplied by Sigma Aldrich, (St. Louis, MO, USA) unless otherwise indicated. Adherence to collagen IV Tissue culture dishes (100 mm) were coated evenly with 10µg/ml human collagen IV (BD Biosciences, Franklin Lakes, USA) diluted in 10 mM acetic acid. After incubation at room temperature for 1 hour, the remaining collagen IV solution was aspirated and the dishes were twice rinsed carefully with phosphate-buffered saline (PBS), to remove any remaining acetic acid. The coated dishes were sterilised overnight using UV radiation. Single-cell suspensions in medium were allowed to attach to the tissue culture dishes coated with collagen IV in the incubator. Cells that attached to the dishes within 10 min were collected after trypsinisation and referred to as rapid adherent cells (RAC). The cells that remained unattached within the first 10 min were then transferred to a new, sterile collagen IV-coated dish for an additional 30 min in the incubator. Cells that adhered within this period were referred to as middle adherent cells (MAC). All remaining unattached cells were collected as late adherent cells (LAC). The sorted cells using this method were further tested for their tissue regeneration and tumour initiating properties. Three-dimensional organotypic assay Three-dimensional (3D) organotypic co-cultures were obtained by seeding dysplastic (DOK) and neoplastic oral keratinocytes on top of collagen type I biomatrices populated with carcinoma associated fibroblasts, using a protocol established in our laboratory 27 . The organotypic cultures were grown in serum free culture medium: 3 vol. Dulbecco's Modified eagle's medium (Sigma)/1 vol. Ham's F 12 (Sigma), supplemented with 0.4 μg/ml hydrocortisone (Sigma), 5μg/ml Insulin (Novo Nordisk, Bagsvaerd, Denmark), 20 μg/ml transferrin (Sigma), 50 μg/ml L-ascorbic acid (Sigma), 1 mg/ml linoleic acidalbumin (Sigma), 200 μg/ml penicillin, 200μg/ml streptomycin, 0.5 μg/ml amphotericin B, 6 μg/ml fluconazole, 20 μg/ml LGlutamine. The cultures were lifted at air-liquid interface and harvested after 10 days, formalin fixed and paraffin embedded or fresh-frozen, as previously described 27 . Tongue xenotransplantation assay in NOD/SCID mice NOD/SCID mice with the age of 6-8 weeks were used and kept in an isolation facility under pathogen-free conditions and a 12-hour day/night cycle. All animal procedures were approved by the Norwegian Animal Research Authority. Cells suspended in 50μl of matrigel (BD Biosciences) were injected into the tongue of mice. Tumor formation was visualized and assessed at the onset of symptoms.
DEP experiments
Homogeneous cell suspensions were prepared and centrifuged at room temperature at 190×g for 5 minutes. To ensure complete removal of highly conductive culture medium, the cell suspensions were washed twice and re-suspended in fresh isotonic medium for DEP experimentation, consisting of 8.5% (w/v) sucrose and 0.3% (w/v) dextrose 28 . Cells were used immediately after re-suspension to minimise the effects of suspension in low-conductivity medium. The medium conductivity was adjusted to 10 mS/m using PBS and the final conductivity was verified by a Jenway 470 conductivity meter (VWR Jencons, Leicestershire, UK). A small sample of the final cell suspension was stained with Trypan blue and counted using a Bürker haemocytometer chamber and adjusted to 1.2×10 5 cells/ml for all DEP measurements. The "DEP Well chip" 3D well electrode (DEPtech, Uckfield, UK) and associated MATLAB (The MathWorks Inc, Nantick, MA) control and analysis software used in this study are described in detail elsewhere 29 . The chip was analysed using a prototype 3DEP reader (Labtech, Uckfield, UK) with measurements taken using 10v p-p sinusoidal signals applied for 60 seconds, with measurements every 3 seconds. The change in light intensity across the well was measured for each frequency; a "best-fit" of the real part of the Clausius-Mossotti factor (Re[k(ω)]) versus frequency was then found for the corresponding spectrum using the "single shell model" approach 29 and the following variables: cytoplasmic conductivity (S/m), effective membrane conductance (S/m 2 ) and effective membrane capacitance (F/m 2 ). Each experiment was repeated three times for CaLH3 cell line and two times for H357 and OSCC1 cell lines. Cell diameters were measured using Image J software and the microscope images of at least 50 cells were analysed, for each cell type, to determine cell radii for subsequent DEP modelling. Scanning Electronic Microscopy (SEM) RAC, MAC and LAC were obtained from CaLH3 and H357 cell lines. They were detached from the collagen coated surfaces, counted and resuspended in a single cell suspension; 500 cells of each RAC, MAC and LAC subset of cells were allowed to attach for 1.5 hrs to the poly-lysine-coated coverslips in 24 wells plates (VWR International AS, Oslo, Norway), at 37˚. Samples were then fixed with 2% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH = 7.2) for 2 hrs at 4˚C. Fixed samples were then subjected to graded ethanol dehydration and critical point dried, mounted on aluminium 4 | J. Name., 2013, 00, 1-10 This journal is © The Royal Society of Chemistry 2013 stubs, and coated with evaporated carbon, for the visual analysis performed using a Jeol JSM-7400 field emissionscanning electron microscope.
Treatment with 4-methylumbelliferone (4-MU)
The sodium salt 4-MU (Sigma), as a hyaluronic acid (HA) synthesis inhibitor,was dissolved in distilled water at a concentration of 0.3 mM. This stock solution was appropriately diluted in the respective cell culture medium. CaLH3 and OSCC1 cells were grown routinely until approximately 50% confluent, and then incubated in the presence of 4-MU for 48 hrs. The experiment was repeated three times. Statistics Data are expressed as mean ± standard error of the mean (StEM) or standard deviation (SD) using GraphPad Prism software version 5.00 for Windows (GraphPad Software, San Diego, California, USA, www.graphpad.com) and SPSS programme (PASW Statistics 18, IBM, New York, USA). The differences in Ceff, Geff, cytoplasmic conductivity, and cell diameter between different cell subpopulations were analysed using ANOVA and the paired student t-test after relative data transformation to fulfil the assumption of normality. Paired student t-test was also used to analyse the Ceff, Geff and cytoplasmic conductivity values before and after 4-MU treatment in CaLH3 cell line.
Results
RAC isolated from the oral dysplastic cell line DOK gave rise to a dysplastic epithelium that had the highest thickness in 3D organotypic cultures.
To test the regenerative potential of RAC, MAC and LAC, 3D organotypic culture were constructed separately by growing for 10 days each of these cell sub-populations isolated from the oral dysplastic cells DOK on top of a fibroblast-populated collagen biomatrix. All subpopulations gave rise to a dysplastic epithelium, but RAC formed a thicker epithelium (33.78±19.60) when compared to MAC (20.02±16.48) and LAC (27.00±16.16) for (Fig. 1A and B) .
RAC isolated from OSCC-derived cells showed great tumor formation efficiency and shorter lag time of tumor formation than LAC in NOD/SCID mice.
To test the tumor initiating potential of RAC, MAC and LAC isolated from OSCC1 cell line, serial dilutions of these three subpopulations were xenotransplanted in the tongues of NOD/SCID mice (n=35). RAC (82%) showed higher tumor incidence than MAC (58%) and LAC (42%) ( Fig. 2A,a) . When as low as 100 cells were injected, RAC formed the tongue tumor at the early lag time (20.33±3.5), 5 days before the tumor formation in LAC (25.33±9.90), but the similar when compared to MAC (20.00±2.83) (Fig. 2A,b and B) . When 1000 cells were xenotransplanted, RAC and MAC formed the primary tumors 7 days earlier compared to LAC ( Fig. 2A and C) . This indicates that the cells sorted based on adherence to collagen IV showed decrease in tumor formation ability from RAC to MAC to LAC.
RAC showed the highest effective membrane capacitance (Ceff), but no consistent trend was found between RAC, MAC and LAC in terms of effective membrane conductance (Geff) or . MAC had also a significantly higher Ceff than LAC (p=0.018). There were some variations in the extent of differences between RAC, MAC and LAC with the type of cancer cell line analysed, and although the differences were statistical significant between RAC, MAC and LAC in CaLH3 cell line only (p=0.011), the other two cell lines analysed showed the same trend of decreased Ceff with decrease in stem cell-like properties (Fig.  3A) . For oral dysplastic cell line DOK, the same trend was found in effective membrane capacitance (Fig. 4A) .
The effective membrane conductance in oral cancer cell lines showed no consistent trend (Fig. 3B) .61 S/m 2 ). Minimal differences were detected between RAC, MAC and LAC for cytoplasmic conductivity (0.40 ± 0.07 S/m, 0.36 ± 0.05 S/m, and 0.44 ± 0.08 S/m, respectively), and no consistent trend could be observed from cells enriched in stem cell-like properties (RAC) towards cells that lost stem cell-like properties (LAC) (Fig. 3C) . The similar trend was found in dysplastic cell line DOK (Fig. 4B and C) .
RAC were smaller and displayed a more folded and ruffled cell membrane than MAC and LAC for both oral dysplastic and neoplastic cell lines. Since the differences detected in this study were mostly at the effective membrane capacitance level, known to be influenced by the morphology of the cellular membrane, we further investigated morphology-related aspects of the three subsets of cells we have used in the study. For oral cancer cell lines, RAC were found to have a significantly smaller diameter (13.46 ± 0.23µm) than MAC (13.80 ± 0.21µm, p=0.004) and LAC (14.98 ± 0.23µm, p=0.000) (Fig. 5B) . MAC had also a significantly smaller diameter than LAC (p=0.000) (Fig. 5B) . This appearance was consistent with all oral dysplastic cell line DOK (Fig. 5C) . SEM revealed that RAC had a more regular spherical shape but displayed a more folded and ruffled cell membrane surface, rich in both filopodia and lamellipodia membrane protrusions, with the predominance of the first ones (Fig. 5A) . In contrast, MAC and LAC were more heterogeneous and had a flat appearance, with smoother cell borders and less cellular protrusions on the surface (Fig. 5A ). This appearance was consistent for all oral dysplastic and cancer cell lines examined in the study.
Treatment with 4-MU induced loss of filopodia and decreased Ceff of RAC in CaLH3 cell line.
In order to determine whether the cell membrane morphology was the key parameter for the difference in the Ceff observed between the three subsets of cells, we have altered it by treatment with the small molecule inhibitor of HA synthesis, 4-MU. 4-MU was previously shown to induce changes of the membrane morphology of OSCC cells through inhibition of hyaluronic acid chain elongation 37. Treatment with 4-MU and subsequent SEM showed a loss of filopodia and smoothening of the cell membrane of RAC cells compared to non-treated RAC, and similar to the cell surface of LAC (Fig. 6A) . DEP analysis of cells treated with 4-MU for 48 hrs showed a significant decrease in Ceff in RAC from 23.39 ± 4.04 mF/m 2 to 10.41 ± 0.76 mF/m 2 (p=0.031) in CaLH3 cell line. No difference was detected in the Ceff of RAC, MAC and LAC cells after treatment with 4-MU in CaLH3 cell line (Fig. 6B) . In another cell line OSCC1, Ceff was shown a slight decrease in RAC but not in MAC and LAC (Fig. 6C) . 4-MU did not significantly alter the other electrophysiological parameters investigated in the study.
Discussion
This study produces the first evidence inthe electrophysiological properties of oral cancer cell subsets with different tumorigenic/stem cell-like properties. The results highlighted a correlation between tumour regeneration (tumorigenicity) and electrophysiological properties. The higher the tumourgenesis capacity of the OSCC cells, the higher was the effective membrane capacitance found. To separate subsets of OSCC cells with different tumorigenic/stem Figure 6 . SEM images of RAC, MAC and LAC from CaLH3 cell line. RAC exhibited a regular, round shape (a) and a ruffled cell surface, densely covered with cellular protrusions and extremely rich in filopodia (d). MAC displayed a regular, round shape as well (b) , but showed a surface less densely covered with cellular protrusions and not so rich in filopodia (e). LAC cells showed an irregular shape (c) and a flattened surface, with fewer and shorter filopodia (f). Treatment with 4-MU induced a flatter surface on all cell subsets and a loss of filopodia, especially in RAC and MAC (g-l). cell-like properties we have chosen here a functional method based on the cellular adherence to collagen IV. This method has been reported to successfully enrich for cells with stem cell-like properties in various epithelial tissues, such as normal human skin 13, 30 . This method has been shown to robustly sort cell populations with different self-renewing capacities 13 and different potential for regenerating normal skin 30 and OSCC 5a . We have chosen to use this method for CSC enrichment since it avoids possible cell surface modifications that might occur due to antibody binding, and thus prevents any alterations of their original electrophysiological properties that would occur after marker-based cell sorting. In this way, we are confident that we have preserved in the best possible way the original characteristics of the cells for a valid DEP characterization of the subsets of cells with different tumorigenic/stem cell-like properties (RAC, MAC and LAC). On the other hand, this method has also its limitations. The enrichment in tumorigenic/CSCs through increased adherence to collagen IV is related to increased expression of β1 integrin on the surface of stem cell-like cells 13 , and although it does not directly use antibody binding for cell sorting, it is still related to a specific phenotype that can vary with the epithelium type (squamous or simple versus transitional) 31 , or culture conditions. Nevertheless, our results indicate that the RAC subset of cells, although not exclusively containing tumorigenic/CSCs, is enriched in cells with increased self-renewal and increased tumorigenicity, two essential attributes of CSCs. We further show here that the subset of OSCC cells enriched in cells with tumorigenic abilities / stem cell-like properties (RAC) possess different electrophysiological properties than the rest of the cancer cells (MAC and LAC) due to their unique membrane characteristics. RAC displayed the highest Ceff when compared to the other sub-populations of oral cancer cells tested (MAC and LAC). Whilst Ceff may be affected by membrane composition (including lipid type and protein composition) 32 , it is most strongly influenced by the membrane surface area, which is in turn related to the morphology of the cell membrane. When the cellular morphology of our three subsets of cells was analysed further, SEM showed marked differences between their cell membrane morphology, with RAC showing a cellular membrane morphology very rich in cellular protrusions. We report here for the first time that cancer-stem cell like cells have a unique cell membrane morphology, enriched in filopodia. The biological significance of this ruffled cell membrane morphology is not yet elucidated, and especially not in pathological conditions such as cancer. In the normal state, the homeostasis, the shape of cellular membrane is of major importance for the control of cell signalling and cellular processes: invaginations of the plasma membrane allow forming endocytic vesicles that remove signalling molecules from the cell surface; conversely, plasma protrusions into the extracellular space allow a cell to probe its environment. Our results are in line with the very few studies on the ultrastructure of adult stem cells that show, for example, that undifferentiated mesenchymal stem cells have a cell surface covered by filopodia and undulopodia. During differentiation, the mesenchymal stem cells changed their shape from a round to a fibroblastic-like shape and lose their protrusions 33 . Also in neurogensis, the abundance of other cellular protrusions, such as apical microvilli, decrease as well with the onset of differentiation 34 , and two signaling pathways known to regulate the proliferation versus differentiation of neural progenitors (Sonic Hedgehog and Wnt signaling) have been linked with the regulation of these cellular protrusions 35 . Other observations pointing to a more ruffled cell membrane surface in epithelial stem-like cells come also from studies on the localization of prominin-1 (CD133), a marker for both hematopoietic and epithelial stem cells that was selectively found on plasma membrane protrusions. In addition, this seemed to be a general characteristic non-cell type dependent since it showed in both epithelial and transfected non-epithelial cells a selective association with apical microvilli and plasma membrane protrusions, respectively 36 . Of interest, the embryonic stem cells seem to be, in contrast, characterised by a smoother cell surface and many investigators relate the presence of cellular protrusions to the cellular process of invasion. Using anchor cell invasion into the vulvar epithelium in C. elegans is an in vivo model of invasive behaviour that allows for genetic and single-cell visual analysis of invasion, investigators have shown that generation of robust protrusions that breach the BM is responsible for their invasion and that this is due to a particular cell signalling and molecular mechanism 37 . Although we did not aim to identify the molecular mechanisms that are responsible for the generation of the cellular protrusions in RAC, the fact that 4-MU smoothens their surface indicates a role for hyaluronic acid and its complex biology in the formation of these cellular protrusions. This also indicate that the presence of these numerous filopodia might be related to increased migration and invasion of RAC cells, as suggested by the fact that treatment of OSCC-derived cell lines with 4-MU induced a decrease in its migration through transwells (data not shown). The association between a cell membrane morphology reach in cellular protrusions and increased migration in cancer stem cells fits also very well with the new theory of CSCs as the more migratory, cancer cell population 38 . Of importance for our study is that the presence of a cell membrane morphology rich in cellular protrusions could explain the highest Ceff detected in RAC. Our hypothesis that the ruffled membrane morphology of RAC cells was the main determinant of their high Ceff was proven by the finding that treatment with 4-MU dramatically altered the membrane morphology of all RAC cells by loss of filopodia and this was also translated in a significant decrease of Ceff, abolishing the difference observed initially between the three subsets of cells. The change in capacitance could also be related to changes in the permittivity of the membrane due to the action of 4-MU in shortening the HA chains; however, we suggest that of the two mechanisms, the effects of morphology charge are likely to significantly outweigh those of permittivity change. The unique differences in the membrane electrophysiological properties of stem-like cells is in line with a recent finding from our group showing that cell membrane dielectric properties could potentially be used as a marker for stem cells in neural tissues 39 . With a lack of distinct stem cell markers, isolation of tissuespecific stem cells for tissue engineering and gene therapy is a great challenge. More functional and non-invasive methods for tumorigenic/stem cell isolation are sought. The results of this study suggest that DEP might be used in the future as a reliable, label-free and non-invasive method for putative isolation of tumorigenic cell in oral cancer.
Conclusions
To our knowledge, this is the first study to show that OSCC cells with higher tumour formation (tumorigenecity) exhibit higher effective membrane capacitance than cells with less tumorigenicity. OSCC with different stem cell-like properties possessed different electrophysiological properties, mostly due to their differences in cell membrane morphology which was found to be very rich in cellular protrusions. The study shows the potential use of effective membrane capacitance as a potential tumorigenic/stem cell-like marker. The results suggest that dielectrophoresis may potentially be of use in the future for reliable, label-free isolation of putative tumorigenic/cancer stem cells.
